In the accompanying paper (Part 1), we showed that the fatty acid moiety and the acidity of the polysaccharide-backbone of a fatty acid-containing polysaccharide might be involved in its emulsification, moisture absorption, and moisture retention abilities. In this study, we synthesized alkyl esterified poly-γ-glutamic acid (PGA) with various chain lengths and degrees of substitution of the alkyl moieties to examine how hydrophobic groups incorporated in the anionic polymer contribute to enhanced emulsification, moisture absorption, and moisture retention. With a low degree of alkylation of PGA, these abilities were drastically improved. To improve the moisture absorption of PGA, alkylation with a short chain length is effective in forming interspaces between PGA chains to trap water molecules. Hydrophobic-hydrophilic balance may also be important to improve the emulsification and moisture retention abilities of PGA alkylates. To the best of our knowledge, this is the first report of the relationship between the structure and the multifunctional abilities of an anionic polymer incorporated with a small amount of hydrophobic residue. PGA alkylates, as well as fatty acid-containing polysaccharides, have potential use as multifunctional surfactants throughout various industries. * Corresponding author.
Introduction
We have been studying the functions and structures of extracellular polysaccharides (EPS) produced by several Rhodococcus species [1] - [8] . In the accompanying paper (Part 1), we examined the effect of structure on emulsification, thickening, moisture absorption, and moisture retention of the fatty-acid-containing extracellular polysaccharide (FACEPS) produced by Rhodococcus, and suggested that the fatty acid moiety of FACEPS was involved in these abilities. Simultaneously, we demonstrated that the emulsification, moisture absorption, and moisture retention of commercially available anionic polysaccharides, such as carboxymethyl cellulose, were improved by palmitoylation, suggesting that the acidity of the polysaccharide backbone was also involved. These observations are useful for creating new multifunctional surfactants for various industries. To understand how hydrophobic groups incorporated in the anionic polymer contribute to improving emulsification, moisture absorption, and moisture retention, it is necessary to synthesize a polymer having a more simplified structure than that of the polysaccharide.
Poly-γ-glutamic acid (PGA) is an anionic and high-molecular-weight biopolymer produced abundantly by several bacterial strains, such as Bacillus spp [9] . Owing to its biodegradability and biocompatibility, PGA has been applied to cosmetic and pharmaceutical materials [9] . Recently, chemical modifications of PGA were attempted to create materials with greater functionality [10] . One of the benefits of using PGA to create new materials is its simple structure, which is useful for understanding the relationship between structure and function. We speculate that PGA incorporated with a small amount of alkyl esters will have similar properties to those of the rhodococcal FACEPS, such as improved emulsification, moisture absorption, and moisture retention. In this paper, we synthesized alkyl esterified PGAs with various alkyl chain lengths and degrees of substitution to examine the effect of alkyl ester on the emulsification, moisture absorption and moisture retention abilities of the anionic biopolymer.
Materials and Methods

Materials
Poly-γ-glutamic acid (average molecular weight of 2 -5 × 10 5 ), clove oil, glycerol, silica gel, and urea were obtained from Wako Pure Chemical Industries, Ltd. (Kyoto, Japan). Sodium cholate and gelatin were obtained from Dojindo Molecular Technologies, Inc. (Kumamoto, Japan) and Difco laboratories, respectively.
Preparation of PGA Alkylates
PGA alkylates were prepared as described by Kubota et al. with some modifications [11] . PGA (323 mg) and NaHCO 3 (210 mg) were dissolved in 15 ml of dimethyl sulfoxide (DMSO). Various concentrations of hexyl, dodecyl, or hexadecyl bromide were then added to this solution and stirred for 19 h at 60˚C. The reaction mixture was extensively dialyzed against MilliQ water, and then lyophilized. The products were dissolved in DMSO-d 6 and analyzed by NMR to confirm their alkylation and to calculate the degree of alkylation. All NMR spectra were recorded at 500 MHz ( 1 H) and 125 MHz ( 13 C) with an ECA 500 instrument (Jeol Ltd. Tokyo, Japan). Assignment of signals was made based on double quantum filtered-correlation spectroscopy, heteronuclear multiple-quantum coherence, and heteronuclear multiple-bond coherence spectra. The degree of alkylation was calculated by the intensity ratio of 
Emulsification
The emulsification of PGA alkylates was measured as described by Dong et al. with some modifications [12] .
The PGA alkylate was dissolved in 4.5 ml of MilliQ water (0.02%) in a glass vial. 0.5 ml of clove oil was added and the vial was shaken at 110 rpm for 30 min at 28˚C. Optical density (OD) was measured at 530 nm immediately after shaking. To evaluate the emulsion-stabilizing activity, OD was measured sequentially at 10, 20, 30, 60, 90, and 120 min of standing after shaking. Commercial emulsifier and emulsion stabilizer were also measured as controls.
Moisture-Absorption and -Retention Capacities
The moisture-absorption and -retention capacities were measured as described by Urai et al. [7] .
Results and Discussion
Chemical Properties of PGA Alkylates
Using the various alkyl bromides, PGA was successfully alkylated. . This indicates that the α-carboxyl residue of PGA is esterified by the hexadecanoyl group [13] . PGA alkylation was also confirmed by 2D NMR analysis (data not shown).
The degree of alkylation is controlled by changing the concentration of the alkyl bromide in the alkylation reaction (Figure 2) . At the same concentration, however, a greater chain length leads to a higher degree of alkylation, indicating that long-chain alkyl esters are more easily incorporated into PGA than those with shorter chains are. These results suggest that the alkylation method used in this study is effective for synthesizing PGA alkylates with long alkyl chains. Synthesized PGA alkylates were named individually by the length of the alkyl chain and the degree of alkylation. For example, PGA-6-2, indicates that the length of the alkyl chain (carbon number) is six and the degree of alkylation is 2% ( Table 1 ). We examined the solubility of native PGA and PGA alkylates in MilliQ water or DMSO ( Table 1) . The native PGA is insoluble in MilliQ water, but the synthesized PGA alkylates are water-soluble, except for PGA-16-20, which is soluble in DMSO. The low solubility of native PGA in water may be due to the very strong intermolecular interactions caused by hydrogen bonding of the carboxyl groups [13] . In contrast, the hydrogen bonding between the PGA alkylates may be inhibited by the alkyl chains, making them soluble in water. In the case of PGA-16-20, the high degree of long-chain alkylation may increase the hydrophobicity of the PGA, making it insoluble in water.
Characterization of the Emulsification of PGA Alkylates
The emulsification of PGA alkylates was examined using clove oil. Figure 3 shows the relationship between the OD (emulsifying ability) and the degree of substitution of alkyl esters with different chain lengths. The emulsifying ability of PGA is improved by alkylation with longer chains. PGA-12 and PGA-16 have a high OD at a low degree of substitution, whereas PGA-6 needs a higher degree of substitution to achieve high OD values. Since the hydrophobic interaction between the hexanoyl ester of PGA-6 and the surface of the oil is weak, a high degree of substitution is necessary to form a good emulsion. The series of PGA-12 consistently has higher OD values than the PGA-16 series. This result suggests that dodecanoyl is the most suitable ester for high emulsification, which is due to the hydrophobic-hydrophilic balance.
We also examined the emulsion-stabilizing ability of the PGA alkylates. Figure 4 shows the change in OD over time of PGA-12-9, which has the highest emulsification ability within the series of PGA alkylates. PGA-12-9 shows the highest OD value just after shaking compared to that of the commercial emulsifier (sodium cholate) and the emulsion stabilizer (gelatin), and the high OD is maintained after 120 min of standing after shaking. The entire series of PGA alkylates also shows strong emulsion-stabilizing activity (data not shown). The electronic repulsion and intermolecular force between PGA chains are important to stabilize the emulsion. Figure 5 summarizes the predicted model of the emulsifying and emulsion-stabilizing mechanisms of the PGA alkylates.
In general, low molecular-weight emulsifiers have a strong emulsifying ability, while the emulsion-stabilizing ability is low. In the food industry, polysaccharides or gelatin are added with to the emulsion as stabilizers. Since the PGA alkylates have strong emulsifying and emulsion-stabilizing ability in one molecule, it can be applied to various industries. The hydrophobic interaction between the hexanoyl ester and the oil surface is weak. It needs a high degree of alkylation to form a good emulsion; (b) PGA alkylate with dodecanoyl ester (PGA-12): The hydrophobic interaction between the dodecanoyl ester and the oil surface is suitable for forming a good emulsion. The electronic repulsion and intermolecular force between PGA chains are important to stabilize the emulsion; (c) PGA alkylate with hexadecanoyl ester (PGA-16): The hydrophobic interaction caused by hexadecanoyl ester is too strong to form a good emulsion. Because the size of emulsion droplets formed by PGA-16 is larger than that of PGA-12, it showed a low optical density value. Figure 6 shows the relationship between the moisture absorption ability and the degree of substitution of PGA alkylates with different chain lengths, under 47% relative humidity. The moisture absorption ability of PGA is improved by a low degree of substitution, while this ability decreases with a high degree of substitution. The ability also decreases with the increase in the chain length of the alkyl ester. The highest absorption ability of the PGA alkylates is found in PGA-6-2, which absorbs 11.8% of its initial weight in moisture. This ability is almost equal to commercially available moisture-absorbents, such as glycerol (12.8%) and silica gel (13.4%). Figure 7 shows the predicted model of the moisture absorption mechanism of the PGA alkylates. Native PGA forms strong hydrogen bonds between the PGA chains, as described above, which consumes the sites required for forming hydrogen bonds with water molecules. On the other hand, PGA alkylates having a low degree of alkylation form moderate interspaces between the PGA chains due to the presence of the alkylate groups; these interspaces may be suitable to trap water molecules. However, since the carboxyl group of PGA is important for trapping water molecules by hydrogen bonding, a high degree of alkylation, which reduces the availability of the α-carboxyl groups, can attenuate the moisture-absorbing ability (Figure 6 ). For highly alkylated PGAs, the number of carboxyl groups is insufficient to trap many water molecules. Moreover, the interspaces may be too large to trap water molecules. Thus, a low degree of alkylation is most effective for high moisture-absorption in PGA, since hydrogen bonding between PGA molecules is inhibited and the carboxyl groups are available to trap water molecules.
Characterization of Moisture Absorption Capacities of PGA Alkylates
The chain length of the alkyl ester is also an important factor for the moisture-absorbing ability. The ability decreases with an increase in the chain length of the alkyl ester. This result indicates that the long-chain alkyl ester expands the interspace between PGA chains compared to the shorter ones. This form may be a disadvantage for moisture absorption, since the distance of the carboxyl groups between the PGA chains is too far to trap water molecules. Figure 8 shows the relationship between the moisture retention ability and the degree of substitution of alkylates with different chain lengths, under 32% relative humidity. Similar to moisture absorption, the moisture retention of PGA increases when the degree of substitution is low and decreases when the degree of substitution is high. In contrast with the moisture absorption, PGA-12-3 shows the highest moisture retention ability in the PGA alkylates (66.9%), almost equal to glycerol (51.1%) and silica gel (59.9%). Figure 9 shows the predicted model of the moisture retention mechanism of PGA alkylates. The mechanism of moisture retention in the PGA alkylates seems similar to that of moisture absorption because this ability decreases with an increase in the degree of alkylation. However, in contrast to the moisture-absorbing ability, PGA-12-3 shows the highest moisture-retention ability compared to the other PGA alkylates. During the moisture retention measurement, drops of water were added to the solid PGA alkylates. In the case of PGA alkylates having a low degree of alkylation with hexanoyl and dodecanoyl esters, a "water-in-oil" type emulsion is formed between the water and air phases, which may prevent the evaporation of added water. In particular, the hydrophobic interactions caused by the dodecanoyl ester greatly expand the interspace between PGA alkylates, causing a strong retention of the added water. On the other hand, the hydrophobic interaction between the PGA hexadecanoate is too strong to expand the interspace between PGA alkylates, thus preventing the penetration of One predicted model of the moisture retention mechanism of the PGA alkylates. (a) Native PGA: Strong hydrogen bonding between PGA chains prevents the penetration of added water; (b) PGA alkylates having a low degree of alkylation with hexanoyl ester: Moderate interspaces are formed, which retain the added water as "water-in-oil" type emulsion; (c) PGA alkylates having a low degree of alkylation with dodecanoyl ester: Hydrophobic interactions caused by dodecanoyl ester greatly expand the interspace between PGA alkylates, and it retains the added water strongly; (d) PGA alkylates having a low degree of alkylation with hexadecanoyl ester: Hydrophobic interactions caused by hexadecanoyl ester are too strong to expand the interspaces between PGA alkylates, preventing the penetration of much water; (e) Highly alkylated PGA: The high degree of alkylation provides strong hydrophobic interactions between the PGA alkylates, which prevents the penetration of added water. much water. The highly alkylated PGA may also generate a strong hydrophobic interaction between the PGA alkylates, which prevents penetration of added water.
Characterization of Moisture Retention Capacities of PGA Alkylates
Highly efficient water-absorbing petrochemical polymers are classified chemically as (1) polyelectrolytes, (2) cross-linked, and (3) polymeric [14] . The PGA alkylate is an anionic polymer with some hydrophobic residues that provide a hydrophobic interaction between the PGA alkylate chains, which may cause it to behave as a cross-linked polymer. The hydrophobic-hydrophilic balance, in addition to the number of sites available to form hydrogen bonds with water molecules, may be important to improve the moisture retention ability of PGA alkylates.
Conclusion
We showed that alkylation improves the emulsification, moisture absorption, and moisture retention abilities of PGA. To improve the moisture absorption of PGA, a low degree of alkylation with a short chain length is effective in forming interspaces between PGA chains to trap water molecules. Hydrophobic-hydrophilic balance may also be important to improve the emulsification and moisture retention abilities of PGA alkylates. To the best of our knowledge, this is the first report of the relationships between the structure and the multifunctional abilities of an anionic polymer incorporated with a small amount of hydrophobic residues. PGA alkylates, as well as fattyacid-containing polysaccharides, have a potential use as multifunctional surfactants in various industries, e.g., cosmetics or pharmaceuticals.
